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ABSTRACT— Sp.n-valve sensors or the type NiFe/Cu/Co 
have been designed for optima] biasing beha-ior and success- 
fully incorporated into a gigabit-type shielded read head con- 
figuration with a read crackwidth or 2um. a read md of 
(U5(un. and a MR sensor height or ipm The spin-vaNe 
sensor had a structure of IOOa NiFe/isA Cu/22A Co/lloX 
FeMn, and yielded a net spin-valve coefficient of -3.5 Si at the 
complet.on or head processing. Uniform field testing of the 

, *?J K £* * rabritatJon a "d tapping showed quiet 

and stable spin-valve response with near optimal bias perform- 
ance. Record,ng tests of the read heads at a head-disk elear- 

»»n« of Ujun showed linear, non-saturated signal response on 
a medrt with an areal moment as high as I.2SmemuW. 
yielding reasonably symmetrical signals with peak-to-peak 
amplitudes ranging from -ISO^/pm to ashieh as 
-lOOOuV/um of read trackwidth. Linear density rolloffs and 
tmcrotrack profiles have also been studied, and results showed 
behaviors closely agreeing with design urge* f or high density 
recording operations* ^ 

I. INTRODUCTION 
- In the last several years, there has been increasing 
U "^ st in the study and development of a new type 

of ihm film sensor that utilizes the recently discovered 
Giant Magnetoresistancc (GMR) effect f|] instead of the 
conventional Anisotropic Magnctoresistance (AMR) effect 
IIO.IIJ. In comparison to the AMR sensors, the GMR 
sensors are expected to deliver much larger sensitivities as 
*ell as output amplitudes, making them attractive for appli- 
cations in future high performance magnetic recording 
systems. These GMR sensors are however also inherently 
more complicated [1..4] than the typical AMR sensors 

P often comprising multilayer configurations with layer thick- 
nesses that must be accurately controlled at only tens of 
Angstroms. A commonly studied GMR system is the spin- 
valve sensor configuration (2] as shown schematically in 
rig. 1. It consists of a ferromagnetic free layer and a 
.erroinagncnc pinned layer separated from each other by a 
jhm spacer layer. The magnetic moment of the pinned 
layer is ryp.cally fixed along the transverse direction by 
exchange coupling with an ami ferromagnetic layer (eg 
rcMn). while the magnetic moment of the free layer is 
allowed to rotate in response to signal fields. The resultant 
spin-vajve response is given by [3J 
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Fig. I. Schematic Q f a fpin-vaNe fitruw (M: magnetic moment 
8: angle from the longinnfuial direction). 

where G j and B 2 ( - */2) represent the directions of free and 
pinned layer magnetic moments respectively (Fig 1) If the 
uniaxial anisotropy hard-axis of the free layer is oriented 
along the transverse signal field direction, then the magnetic 
signal response is linear (sin Bj-^ yielding in rum a 
linear spin-vaJve sensor response through (1). This linear 
spin-vaive sensor response is in contrast to the parabolic 
signal response of conventional MR sensors [10 11 12] In 
a previous work (9J. we have used micromagnetic modeling 
to study the magnetic behavior of unshielded and shielded 
spin-vaNe sensors and we have shown how such sensors 
might be designed to maximize the linear operating region 
In the present work, we will describe our efforts in actually 
designing and incorporating a spin-valve sensor into a 
gigabit-type shielded read head. W c will then examine the 
magnetic and recording performance of these spin-vaNe 
recording heads. 

II. SENSOR MATERJAL-S & DESIGN 
Spin-valve films with the s true cure" ■ 50A Ta/IOOA 
NiFc/25A Cu/22A Co/110A FeMn were deposited by D C 
magnetron spunering. The magnetic and spin-valve 
responses of the free layer along its easy-axis arc 
characterised by low field measurements shown in Figs 2a 
and 2b respectively. Both responses exhibit hysteresis 
loops shifted from zero field. The shift corresponds to a 
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Fig, 2. Low field BM loop (a) and Spin-vaJ-e response (b) or ihc 
NiFc/Cu/Co/FcMn spir>-vaNe senaor in as deposited fllnw- 

moder-aie ferromagnetic interlayer coupling field of 8 Oc t 

equivalent to a coupling energy of 5j:IO" 3 ergs/cm 2 . Fig. 
2b also shows ihe spin-valve coefficient to be — 4.6% and 
the easy-axis cocrciviiy to be -1 Oe. Other measurements 
show the uniaxial anisotropy of the free layer to be 3 Oe, 
the sheet resistivity of the entire structure to be 15.5 IiO, 
and the exchange-bias field of the Co/FcMn pinned layer to 
be as high as 400 Oe. 

To optimize the linear operating region of the 
NiFe/Cu/Co spin-valve sensor, the thicknesses of the free 
and the pinned layers were determined by a micromagneiic 
modeling srudy of the sensor behavior in a shielded read 
head environment. As described in a previous work, this 
.model uses as its inputs the resistivities, anisotropics, cou- 
pling fields and thicknesses of the pinned and the free mag- 
netic layers as well as the height of the sensor. It then 
employs a finite element algorithm to determine the biasing 
profile and the transfer curve response to magnetic flux 
excitations as from transitions in recording. Results of our 
previous micromagnetic study show that the linear operating 
region of the transfer curve is maximized when 




-2-10123. 

Excitation from Medium 
(normalized) 

Fig. 3. Theoretic*] bias profile (aj m*J transfer curve (b) of ihe 
optimized sensor design (solid line; transfer curve; doced 
line: derivative of transfer curve). ■ 

magnetostatic coupling between the pinned and the free 
layer, favoring antiparaHcl magnetic alignment, is on the 
whole balanced by the sum of the ferromagnetic inicrlayer 
coupling and the magnetic field of the sensor current [9], 
Application of this modeling study to the present spin-valve 
system yields an optimum thickness combination of 300A 
for the NiFe free layer with 2lA for the Co pinned layer. 
Fig. 3a shows the magnetic bias profile of the free layer for 
•the optimized design. At a sensor current of +6 mA, the 
free layer magnetic moment is seen to be roughly longi- 
tudinal (Gj-O). The non^uniformiry of the magnetostatic 
coupling effects, however, precludes its perfect cancellation 
by the ferromagnetic coupling and the current biasing 
effects, so that the free layer magnetic moment actually 
varies by up to ±20° (Fig, 3a) about the. longitudinal direc- 
tion along the height of the sensor. Fig. 3b shows the the- 
oretical transfer curve of the optimized design, with a linear 
response region terminated at both ends by magnetic satu- 
ration effects. The quiescent state of the sensor is around 
the middle of the linear response region, yielding 
maximum signal dynamic range for linear operation. 
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Rg. 4- SEM micrograph ofspin-vaJ^ read „„„ a,,.*^ Surfacfi 
aflcr lapping. 



III. 



READ HEAD CONFIGLTR ATION AND FA BRICATJON 



dJiftJF^ *pin-vaJve sensor, with characteristics 
described above, was incorporated into a shielded read head 
configuration s.milar to the gigabit recording head reported 
piously [13]. T^e sensor has a nominal read trackwidth 
* JlHZ' and , ' S Slabilizcd b y longitudinal bias fields applied 
from the u,l reg ,on S . The total read gap is 0.25,1m with 
alumna as the gap material and 3u.m thick electroplated 

l\ y ?tl, hcad are Slm ' lar to ,nose employed for a 
s^dard MR read head. Thermal cycles in the fabrication 
process were found to result in a -20% reduction in the 

rJ I h sP"»-valv e read head.,. After w afcr fabri . 
-tri~ h \ < , adS WCre m « ha nically lapped to a sensor 
..mpe height of-,um. Fig. 4 shows the SEM microgSpT 
Jia spm-valve read head at the ABS (Air-Bearing Surface) 
after lapping to final stripe height. ' 

IV. TRANSFER CURVE STUDY 

n./S 5 -'" Slidcr j fabn ' cat i°" suspension, the spin- valve 

^ordmg heads were studied for their transfer curve 

He 5a°Ld T'™? V™'™ masnelic ne,d "citation. 
km. and 5b show the low c« 1 00 Oe)and high (=350 Oe) 
field transfer curves of a 2am trackwidth spin-valve head a 

^ of 25" S r CUrTent - W u Ch C °™?°^ to a temperature 
me of -25 C aoove amb.ent. The transfer curves for thc 

nM^°T,/ CnSe CUrTtm P° ,ariti « ar = '"deed observed to 
st,« « 'M j renCCtinS lh = differcnt 1«'««„, bias 

sensors he pos.t.ve current is the design current direction 

nZZSn d "/ the fact that onc sensc — Sty 

£5?. T'r ? 5* , 5) yie ' dS a ,ar * e —'Signal 
response amplitude (Fig. 5a) and a quiescent state fairly 




Fig. 5. u?er:m:nal low ( _ !0 o Oe! xr.z hirh rie.'d C-"0 Oe) 

trir.j.-cr :ur-:: of ;pin-valv 5 head. 

close -o the middle of cr.c linear c?era:ip.* red on (Fig. 5b) 
in cofi,^, the opposite sense- currtm polarity vields a low 
srna.l-s.gnal response amplitude and a quiescent bias state 
closer :o magnetic saturation. Next. the high field transfer 
curve, „-,ow i/Tl :!d : cnv«„ y in shc Mr.e.v operating rsgion 



around z=ro 



eld. 



---is teaturc is 5crr.=-*hi: unc^cected 
from the -Itneamy or the basic OMR bch^icr. and further 
analysis snows chat it is probably caused cy a small canting 
of the pinned layer's Rsagne:!e mcrr.cnt from :he transverse 

and can ce seer, :o cause non-linearities in (i) by letting 



e 



rig. 5a anc 



these narrow .rack spin-va!,e «n S ors » be «:«, sublc and 
non-hysc,.-,:,.- for Held excitations (=3 CO Cej strong enough 

* ' RC t" 5 " SCr " tura,icn a! :he This result indi- 

cates hat the application zf a longitudinal bia3 field from 
the tai! refers is .as effective in inducing ,ui,t and single 
domain 3<.-nav IO r :n (he scin— .-live s:n S . ;ri M . n ; ^ -,,* of 
the ccr.v-.-ntiondl MR sero0.r>. ' " 
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Fig. 5. Rsai-iimc (a) and Avenged rial rcudhack: *avcforrn of 
spin-valvs head on CcCrF^ dUk- 

V. RECORDING PERFORMANCE STUDY 

The recording performance of these spin-valve read heads 
was tested on CoPtCr thin-film disks with an areal moment 
of as high as 1.25 memu/cm\ coercivity of 25GO Oe and 
coercive squareness of 0.8. The read heads were operated 
at currents corresponding to -25" C temperature rise above 
ambient, and they were flown at 3 clearance of -J.5y.in. 
corresponding ;o a total head-disk magnetic spacing of 
-3.0p.in. A separate write head- is used for data writing. It 
has a relatively wide write track width of -5 pm to minimize 
read-u/rite head misalignment effects. 

Very large track^idih normalized rcadback sensitivities 
of *?50uV/um to lCCO]j.V/um (peak-to- peak) were observed 
for these spin-valve heads. Tnis sensitivity range is about a 
factor of three larger than thai obtained in our previous 
gigabit experiment with conventional MR heads [13]. Fig. 
6a and 6b show respectively the real-time and the averaged 
read back waveform for a 2um irackwidth spin-^alve sensor. 
A peak*to-peak signal of -2CO0pV is achieved, with excel- 
lent signal-to-noise conditions free of magnetic instability or 
noise (Fig. 6a). 
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Fig, 7. Read back; signal amplitude (a) and asymmetry (b) of 
spln-vajrc read heads vs. senior current (Amplitude for negan^i 
current is plotted as negative for clarity: Asymmcrry is difference 
over sum of i>t positive and negative signal peaks). 

Fig. 6b shows both the positive and the negative sign 
responses to exhibit sharp peaks and similar half-wirit} 
(PW50),. revealing no sign of magnetic saturation despi 
the high areal moment of the recording media. The neg 
tive peak is, however, larger than the" positive one. yieldii 
a mild amplitude asymmetry of -109b. This arnpliar. 
asymmetry might be attributed to the slight transfer cur 
convexity as discussed earlier. Next, the variation of V 
spin-vaJve head readback performance with sense current 
studied by measuring the signal amplitude (Fig. 7a) a 
asymmetry (Fig. 7b) as a function of the sense cuxre 
Fig- 7a shows the signal amplitude to be roughly linv 
wiih sense current along the one current direction, > 
highly sub-linear along the other current direction, due 
the movement of the quiescent bias siaic from the center 
the linear operating region (Fig. 3b) towards magnetic S2 
ration. This behavior is revealed even more clearly in T 
7b. where the amplitude asymmetries decrease rapidly : 
monotonically as the sense current varies from one direct 
to its opposite. These behaviors agree with expeciaiioni 
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Fig. S. Experimental and thcorelicai rolloff curves 
of Ihe spin-val^e read heads. 

from our micromagneiic modeling study, highlighting the 
importance of operating the spin-valve seriS or only alone 
the correct sense current direction. 

Next, the linear and track density resolutions were 
studied. Fig. 8 shows the linear density rolloff behavior of 
three spin-valve heads. The signal amplitude decreases 
monoton.cally with linear density in a manner typical of the 
conventional MR sensors as well. To analyze [he rolloff 
data, the transition width is estimated by the the WiJHams- 
Comstcck model with error-function transition profiles 
vh.le the readback process is modeled by the reciprocity 
principle. Result shows good agreement between exper- 
imental and theoretical rolloffs at a total hcad-disk spacing 
of 3.1pm, which is estimated from the flying conditions in 
our experiment. Th.s agreement between the experiment 
and the linear readback model indicates that the spin-valve 
heads are not magnetically saturated even on disks with 
veal moments as high as 1.25 memu/cm*. It confirms the 
.=rge signal range capability f or spin-va|v C sensors as 
expected when the free layer magnetic moment is along the 

^ t,0n - ™ e 50% ""off densities are around 
4200 fc/mm. which are toward the lower end of the rolloff 

fm , °^ ! f S -«' nM i S, i red K lhC PreV, ' OUS gigabit "lament 
U3J. This is mainly the result of broader transition profiles 
from a higher areal moment in the pi esent recording media. 
To improve the linear resolution, therefore, some of the 
amphrudc performance might be traded off by using a 
media with a lower areal moment (e.g.. -1 memu/cm*) A 

thinner 3 ^" 9 ? 15 l ° u^"' 8 " lhc s P'"-va/ve sensor with a 
pinner free layer so that it fits oprimally w ilh a lower areal 
moment media. Finally, the track resolution is studied by 
measunng the microrrack profile of the spin-v a |ve heads 
fa this measurement, the data track is first reduced to 
^.2um ,r . trackwidth by erasure from the sides. The , pin - 

sienal ?£*, en j ,eanned ° VCr this n^™'™* while the 
R« U T« rir a , ftlI ? an,enIa ' data n*9«ency is recorded. 
-=th IS, 8 ' 9) / h ° W *" n -***vl ne read head profiles 
tudes a? K IZ ™™'""y Creasing signal ampli- 
"ues as the head moves offtrack. The profiles are aJso 




OFFTRACK DISTANCE (^tm) 

Fig. 9. Microtrack profiles of the spin-valve read heads. 

symmetrical between the two opposite offtrack directions 
due to the orientation of the free layer magnetic moment 
along the longitudinal 'unbiased' direction. This behavior 
is in distinct contrast to those for the conventional M0 
heads, which often exhibit pronounced left-right 
asymmetries as well as compensation point behaviors [131 
The halfwidths of the profiles yield read trackwidths around 
Zpm. in agreement with the design target. The -30db widths 
of the profiles are only -J.Spxn, much smaller than those 
tor the conventional MR sensor in the previous gigabit 
"penment [13]. This reduction of side-reading is a result 
of several factors including the thinness of the free layer 
the magnetic rigidity of the pinned layer as well as the 
•unbiased' quiescent state of the free layer. 

vi. CONCLUSIONS 

^'L Jl av l successfully designed and fabricated 
NiFe/Cu/Co/FeMn spin-valve sensors in a gigabit type 
shielded read head configuration. Magnetic tests of the 
Spin-vaNe heads with uniform fields reveal Stable and quiet 
transfer curves with an optimally biased quiescent magnetic 
state. Small convexities in the overall transfer curves were 
detected and attributed to a small canting of the pinned 
layer magnetic moment from the ideal transverse direction^ 
Recording tests of the spin-valve heads confirmed a Jarge^ 
signal range capability due to the 'unbiased' nature of the 
quiescent magnetic state, resulting in no sensor saturation 
even with recording media of 1.25 memu/cm*. Stable and 
quiet readback performance was observed, with sismaj 
amplitudes as large as 1000nV/ um at rypicaJ operating cur- 
rents of around 6mA. Linear resolution studies showed sat- 
"factory "Hoff densities in good agreement with theory 
Unally, track resolution saidies showed the read 
trackwidths to agree with design target values, and read 
trackprofilcs to be symmetrical and sharp, superior to the 
performance of conventional MR heads. 

_ We are grateful to the many members in the Almadcn 
Research Center and the Systems Storage Division who 
contributed to this effort. Technical support from J. S. Best 
ana M. l. Hu are especially appreciated. 
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